The construction industry and the scientific community continue to seek for innovative approaches that can estimate the level of sustainability to be achieved at the end of the project from the early design stages. One of the tools developed for this purpose is Building Information Modelling (BIM), which represents the state-of-the-art tool for bringing together different expertise and achieving optimal designs at an early design stage for the maximization of their impact. The key objective of this work is to expand the level of the prospect of this tool, which is believed not to have been fully exploited. Within this context, this paper integrates BIM with an established methodology for assessing a product's or a system's environmental performance -Life Cycle Assessment (LCA) − in an attempt to maximize the benefits from this synergy and achieve the most sustainable constructions. The impact from the integration of these two valuable tools is presented for a water supply system using case studies for a range of different materials. Comparison of a modern Vernetztes Polyethylen (VPE) water supply system against two systems made from traditional materials (steel and copper) was made. The results of this study show that a VPE water supply system performs at least 75% better than the steel system, and at least 88% better than a copper water supply system across all LCA impact categories, while the carbon dioxide emissions released during the production of a VPE system are almost the one tenth of traditional materials water supply systems.
Introduction
The building sector constitutes the largest energy consumer in Europe, establishing the construction industry as one of the most significant contributors to the burdening of the natural environment. Accordingly, during the past decade the industry has taken huge steps towards the greening of the buildings sector, and constantly searches for novel and effective approaches to achieve the most sustainable constructions, as specified by the European Union Directive on the energy performance of buildings (Directive 2010/31/EC). Building Information Modeling (BIM) is defined as a digital representation of the physical and functional characteristics of a facility. A BIM is a shared knowledge resource for information about a facility forming a reliable basis for decisions during its life-cycle; defined as existing from earliest conception to demolition (National Institute of Building Sciences, 2014) . The employment of such information systems has penetrated the construction industry, due to their ability in enhancing the effectiveness of construction projects not only throughout their life cycle, but also across different construction business functions (Jung and Joo, 2011) . Accordingly, a range of stakeholders involved in a construction project can retrieve and generate information from the same model, thus allowing them to work cohesively (Ding et al., 2014) . Nonetheless, the potential of BIM is envisioned to grow larger if further exploited through its integration with another life cycle approach.
BIM has been reported to support various tasks within the construction industry, among of which building energy performance analysis studies. BIM provides a platform based on which building energy saving design can be structured (Yuan and Yuan, 2011) . Shoubi et al. (2015) utilized BIM for the assessment of various combinations of materials for the reduction of the operational energy use of the building. Ladenhauf et al. (2014) presented an algorithm for the preparation of input data for energy analysis based on building information models. Similarly, Ham and Golparvar-Fard (2015) presented a system, together with new methods for automated association and updating of actual thermal property measurements with BIM elements in Green Building Extensible Markup Language (gbXML) schema for improving the reliability of building energy modelling.
LCA is a standardized methodology for the systematic analysis of the environmental performance of processes or products throughout their whole lifecycle (EN ISO 14040: 2006) . LCA has been employed in the building sector since the 90s, and currently represents an established objective method for evaluating the environmental impact of construction practices (Cabeza et al., 2014a) . Rønning and Brekke (2014) have confirmed the effectiveness of the methodology in informing decision makers on the environmental performance of buildings. In fact, it has been reported that LCA has been used to assess the environmental performance of a range of different building materials including concrete and mortar (Marinković, 2013; Brás and Gomes, 2015) , building thermal insulation materials (Dylewski and Adamczyk, 2014; Pargana et al., 2014) , wood constructions (Guardiglia et al., 2011; Sathre and González-García, 2014) , Phase Changing Materials (PCM) (Cabeza et al., 2014b) , and windows (Salazar, 2014) .
However, only a limited number of studies have integrated BIM with the LCA methodology to either investigate the environmental performance of a building element or of a whole building at an early design stage. On the one hand, BIM supports integrated design and improves information management and cooperation between the different stakeholders, and on the other hand, LCA is a suitable method for assessing environmental performance (Anton and Diaz, 2014) . In fact, Kulahcioglu et al. (2012) presented a prototype software, which allows the interactive analysis of a 3D building model with its environmental impacts. In the case of Wang et al. (2011) , BIM was employed to conduct whole building LCA based on a 50-year life-time. The results of their study indicated that the most effective design in terms of energy savings was replacing the curtain walls with brick walls for the top three floors. Ajayi et al. (2015) also carried out a BIM-enhanced LCA for a whole two-floor building. In this case, a 30-year life-cycle period was assumed for the conductance of a variability analysis on the design and materials. Regarding the design analysis, the work were revealed that timber house are the most environmental ones. These results come in agreement with the findings of Iddon et al. (2013) , where the timber framed design of a typical detached house had the lowest total CO 2 equiv. emissions (213t CO 2 ) over the 60 year lifespan among the other investigated designs. Also, the European Plastic Pipes and Fittings Association (Teppfa) conducted LCAs for different plastic pipe systems, in each case the LCAs were compared against a traditional material. The report released by Georg Fischer piping system included four plastic pipe systems, which were compared against ductile iron and copper pipe systems. The report highlighted that the superiority of the plastic system, evident by the GWP and Ozone Depletion Potential (ODP) findings. The plastic pipes performed at least 60% better than the traditional materials in both impact categories.
The key objective of this paper is the integration of BIM with LCA for the realization of the most sustainable building design. Within this context, two case studies for the production of water supply systems comprised of different materials are implemented. BIM is employed for the modelling of the water supply systems, while LCA is implemented for the comparison of a modern Vernetztes Polyethylen (VPE) water supply system against two systems made from traditional materials, namely steel and copper. The results of this work lead to some significant conclusions regarding the benefits of BIM and LCA integration for the increase of the level of sustainability of the built environment.
The building information model design of the water supply system under investigation is presented in Fig.1 , while Table 1 presents the design characteristics, employed for the implementation of the LCA, for each of the designs; VPE water supply system (D1), steel water supply system (D2), copper water supply system (D3). To this end, DDS-CAD was employed to model the design of the water supply system, while GaBi software (Version 6) adopted the model to implement a 'cradle-to-gate' LCA based on the principles described in the ISO 14040 Standard (ISO, 2006) for the investigation of its environmental performance and the definition of its level of sustainability throughout its life cycle. It is also worth mentioning that the environmental impacts during the installation, operational, and end-of-life phases for the water supply systems under examination were not considered in this LCA. Accordingly, any potential impacts during these life-cycle phases were found outside the defined system boundaries. The system boundaries of this work are illustrated in Fig.2 , while the functional unit of the system has been defined as one unit of water supply system, approximately 120 kg of piping. For the purposes of this study, the International Reference Life Cycle Data System (ILCD) recommendations methodology was employed. The specific methodology generates a set of 13 impact categories, of which the following were chosen to be investigated in this paper: The sustainability of the VPE water supply system was assessed against two traditional materials' systems, steel and copper. Table 1 presents the design characteristics of the water supply systems that are constant across all three designs, as well as the ones that were altered for each of the designs. The LCI involves with the data recording of the 'cradle-to-gate' input resources and energy requirements, as well as the output impacts, in terms of environmental degradation, associated with the raw materials and the water supply system production. In particular, the dataset for the polyethylene water supply system includes all relevant process steps and technologies over the supply chain, mainly based on industry data, complemented by secondary data. The LCI of the VPE water supply system under investigation is given in Table 4 . The LCI of the steel water supply system covers the raw materials extraction and processing for its manufacturing; the inputs of Table 5 relate to all raw material inputs, including steel scrap, energy, water, and transport, while the outputs include steel and other co-products, emissions to air, water and land. It is worth noting that the LCI does not include a credit for recycling of steel at end of life or a burden for steel scrap input during manufacturing. The dataset for the copper water supply system covers all relevant process steps and technologies over its supply chain, encompassing mining and processing (concentrate production), hydrometallurgy (leaching, solvent extraction, electro winning) and pyrometallurgy (smelting, converting, fire refining, electrolytic refining). Similarly to the rest of the investigated systems, the LCA does not provide credit for the copper scrap after the use of the product (Gabi database). The LCI of the copper water supply system under investigation is given in Table 6 .
Methods

Fig. 1
Building Information Modelling (BIM) of water supply system under investigation Fig. 2 System boundaries of the Life Cycle Assessment (LCA) conducted in this work
Life Cycle Inventory (LCI)
The results of the LCIA, illustrated in Fig. 5 , indicate the VPE water supply system production is superior in terms of sustainability compared to the investigated traditional materials. This can be mainly attributed to the fact that the pipes used to produce the VPE system utilize recovered materials and energy ( Table 2 ). Given that climate change has evolved into an influential factor in the decision-making of both the public and the private sector, it probably provides the strongest indication for the environmental performance and sustainability level of a product or a system to the non-scientific communities. The GWP of the VPE water supply system is 17.7 kg CO 2 -equivalent, against the steel and copper's, 128.and 151.3 kg CO 2 -equivalent, respectively. Thus regarding the GWP impact category, the VPE water supply system performs 86.3% better than the steel system, and 88.3% than the copper water supply system. However, in the case of Ozone Depletion, an environmental impact strongly associated with policy regulations and influences political action, the picture is very different. The VPE water supply system is indicated to have no contribution to the ozone depletion, while copper has negligible impact compared to the steel water supply system. In particular, the impact of the copper's system is 0.3 kg of R-11 equivalent, while the steel's reached the 9.3 kg of R-11 equivalent. The impact categories associated with tropospheric processes and pollution, namely photochemical ozone formation and acidification, have also been chosen for analysis in this paper in view of the fact that they directly affect the human health. POCP and AP illustrate comparable results in the LCIA. The performance of the VPE water supply system for the photochemical ozone formation impact category is 0.04 kg NMVOC equiv. and 0.08 mole of H+ equiv. for the acidification category. Accordingly, the specific system's performance compared to the steel system is 79.0% better for the POCP and 75.0% for the AP categories. Furthermore, in comparison to the copper water supply system, the plastic system performs approximately 89.0% in both tropospheric pollution-related impact categories. Regarding the ADP category, closely related to the carbon emissions and the depletion of non-renewable energy resources, the VPE system is also evidently superior to the competing systems employing traditional materials. More specifically, the impact of the plastic system in this impact category is minimal-at 0.005 kg of Sb-equivalent, performing 98.4% and 99.9% better than the steel and copper systems, 0.32 and 6.36 kg of Sb-equivalent respectively, which utilize both primary and waste materials for their production. Furthermore, the comparison of the VPE water supply system against the traditional materials' systems in terms of life-cycle non-renewable energy consumption and carbon dioxide emissions is also indicative of their environmental performance. The non-renewable energy consumption of the plastic system is 600 MJ, whereas for the steel and copper the specific value rises to 1360 MJ and 1890 MJ, respectively. As a result, the conventional water supply systems are observed to be 55.9% for the steel system and 68.3% for the copper system more fossil-fuelled energy intensive than the VPE system. Additionally, the results of the analysis also indicated that the production of the VPE system emits 14.1 kg of CO 2 , approximately the one tenth in comparison to the production of a water supply system utilizing a traditional material-121 kg of CO 2 and 141 kg of CO 2 for the steel and copper systems, respectively. The findings of this work are comparable with findings of the report released by Georg Fischer piping system. In the specific report, the GWP resulting from the production of the PE piping system was found to be around 7 kg CO 2 -equiv, whereas the ODP around 1×10 -7 kg CFC11-equiv. The deviation in the results can partly be attributed in the variation of the functional units of the two studies. The functional unit of the Georg Fischer report was defined as the underground transportation of drinking water, over a distance of 100m, from the exit of the water plant to the water meter of the building, by a typical public European PE pipe water distribution system over its complete life cycle of 100 years, calculated per year. However, this work has set its functional unit to one unit of water supply system, which totals approximately to 120m of piping.
It is also noteworthy that the European Union Public Procurement Directive (EUPPD), 2013 recommends the employment of BIM for construction and projection contracts. Accordingly, an in- This work demonstrated the benefits that arise from the synergy of two well-established methodologies, BIM and LCA. The LCA that for the definition of the level of sustainability and environmental performance of the modern VPE system against the traditional steel and copper water supply systems was conducted according to the design of the specific systems using sophisticated BIM tool. The results of the LCA revealed the superiority of the production of the modern VPE water supply system in terms of sustainability compared to the investigated traditional materials. The VPE water supply system performed 86.3% better than the steel system, and 88.3% than the copper water supply system in the GWP impact category, and also indicated that its production does not contribute ozone depletion. Additionally, it was illustrated that it achieves a reduction in the tropospheric pollution-related potential, photochemical ozone formation and acidification, by least 74.4% in comparison to the production of conventional water supply systems. The impact of a VPE system's production is also negligible on the natural element and fossil resources, in contrary to the production of a copper system, which was observed to be the less sustainable one across the majority of the investigated impact categories. The advantages from integrating of BIM and LCA have been demonstrated through the implementation of this case study. Evidently, this synergy cannot only point towards the most sustainable designs from an early stage in the construction project, but also provides the opportunity to several different expertise and stakeholders to collaborate for the maximization of the desirable impacts.
